Some coauthors of this study previously performed the AMATERASU randomized, double-blind, placebo-controlled trial of postoperative oral vitamin D supplementation (2000 IU/day) in 417 patients with stage I to III digestive tract cancer from the esophagus to the rectum who underwent curative surgery (UMIN000001977). We conducted a post-hoc analysis of the AMATERASU trial to explore the effects of modification of vitamin D supplementation by histopathological characteristics on survival. Among patients with poorly differentiated adenocarcinoma, the 5-year relapse-free survival rate of patients supplemented with vitamin D was 91% compared with 63% in the placebo group (hazard ratio [HR], 0.25; 95% confidence interval [CI], 0.08 to 0.78; P = 0.017; P for interaction = 0.023). Similarly, the 5-year overall survival rate was 92% in the vitamin D group compared with 72% in the placebo group (HR, 0.25; 95%CI, 0.07 to 0.94; P = 0.040; P for interaction = 0.012). In contrast, there were no significant effects in other histopathological characteristics between vitamin D and placebo groups. These findings generated the hypothesis that oral vitamin D supplementation may improve both relapse-free survival and overall survival in a subgroup of patients with poorly differentiated adenocarcinoma. 2 of 10 vitamin D has been demonstrated to induce differentiation of cancer cells in vitro [2] [3] [4] , which leads to the hypothesis that vitamin D supplementation may improve prognosis of patients with poorly differentiated carcinoma in vivo.
Introduction
Vitamin D is mainly obtained from skin exposed to sunlight, but is also available from diet or vitamin D supplementation. Vitamin D is metabolized in the liver to 25-hydroxyvitamin D (25[OH]D), and serum levels of this metabolite can be used as a biomarker of vitamin D status. The 25(OH)D is further activated in the kidneys by 1-alpha-hydroxylase to 1,25-dihydroxyvitamin D, which facilitates calcium absorption and plays an important role in bone health. A more recent discovery that most tissues, as well as cancers, have 1-alpha-hydroxylase to convert serum 25(OH)D to 1,25(OH)2D, along with vitamin D receptors, which are steroid hormone nuclear receptors that regulate a variety of genes within a cell [1] , has provided new insights into the function of vitamin D. In particular,
Materials and Methods

Study Design Overview
This study was performed as a post-hoc analysis using data from the AMATERASU trial (UMIN000001977), a randomized, double-blind, placebo-controlled trial that investigated the effect of postoperative vitamin D supplementation in patients with digestive tract cancer. The AMATERASU trial was conducted at the International University of Health and Welfare Hospital in Japan between January 2010 and February 2018. The ethics committee of the International University of Health and Welfare Hospital (ethic approval code: 13-B-263) as well as the Jikei University School of Medicine (ethic approval code: 21-216(6094)) approved the study protocol. Written, informed consent was obtained from all patients before surgery. Details of the study design are described in the original report [12] . The study included 417 patients with digestive tract cancer (esophageal cancer, 10%; gastric cancer, 42%; colorectal cancer, 48%) who underwent curative surgery. Eligible patients were randomized in a 3:2 ratio to receive vitamin D supplements (2,000 IU/day) (n = 251) or placebo (n = 166) and started the supplementation at the first outpatient visit after surgery. Efficacy outcome measures were relapse-free survival and overall survival. Patients were regularly examined in an outpatient setting to exclude cancer relapse, as required by the surgeon in charge. Neoadjuvant and/or adjuvant chemotherapies were administered to patients as appropriate based on tumor type and clinical stage. The median follow-up period was 3.5 years with a follow-up rate of 99.8%.
Study Population
Eligible patients in the AMATERASU trial were aged 30 to 90 years, had a histopathological diagnosis of stage I to III epithelial carcinoma of the digestive tract (esophagus, stomach, small intestine, colon, or rectum), underwent curative surgery with complete tumor resection, did not take vitamin D supplements or active vitamin D, and had no history of urinary tract stones. Patients were excluded if tumors were not resectable by surgery or serious postoperative complications occurred before starting study drug supplementation. This post-hoc study included patients who were randomized in the AMATERASU trial and for whom specimens were available for histopathological evaluation. Histopathological characteristics were retrospectively collected from pathological reports generated at the curative surgery at entry. Patients eligible for analyses were classified into subgroups based on histopathological characteristics: squamous cell carcinoma; tubular adenocarcinoma of well differentiated type (tub1); moderately differentiated type (tub2); poorly differentiated adenocarcinoma (por); signet-ring cell carcinoma (sig); mucinous adenocarcinoma (muc); papillary adenocarcinoma (pap); and others. As many patients had multiple histopathological components, histopathological subgroups were not mutually exclusive of each other.
Outcome Measures
The outcome measures were relapse-free survival and overall survival. The relapse-free survival was defined as elapsed time from the date of randomization (i.e., time from starting the study medication) to the earliest date of cancer relapse or death due to any cause. Overall survival was defined as elapsed time from the date of randomization to the date of death due to any cause.
Statistical Analysis
Dichotomous and continuous variables among the histopathological subgroups were compared by the chi-square test and the Kruskal-Wallis test, respectively. Paired and unpaired continuous variables were compared by the Wilcoxon signed-rank test and the Mann-Whitney test, respectively. Outcome measures were assessed according to the randomly assigned intervention, that is, vitamin D or placebo. The effects of vitamin D and placebo on risk of relapse or death and death were estimated using Nelson-Aalen cumulative hazard curves for outcomes. A Cox proportional hazards model was used to determine hazard ratios (HRs) and 95% confidence intervals (CIs). To explore whether vitamin D supplementation significantly affected outcomes by histopathological subgroup, P for interaction was analyzed based on a Cox regression model including three variables: 1) the assigned intervention (the vitamin D group); 2) the subgroup stratified by histopathological characteristics; and 3) the assigned intervention and the subgroup multiplied together as an interaction variable, by two-way interaction tests comparing all other patients excluding those with the focused histopathologic subgroup. Values with two-sided P < 0.05 were considered significant. All data were analyzed using Stata 14.0 (StataCorp LP, College Station, TX, USA).
Results
Study Population
From the 417 patients with digestive tract cancers randomly assigned to receive vitamin D supplements (n = 251) or placebo (n = 166), patients with an unknown histopathological subtype (11 patients receiving vitamin D supplements and 6 patients receiving placebo) were excluded from the analyses (Figure 1 ). Thus, histopathological characteristics were available for 400: 240 of 251 (96%) patients received vitamin D supplements and 160 of 166 (96%) patients received placebo. These 400 patients were included in the analyses. 
Histopathological Characteristics
Five typical histopathological characteristics were observed in the 400 patients: well differentiated (n = 218), moderately differentiated (n = 166), poorly differentiated (n = 81), signet-ring cell carcinoma (n = 44), and squamous cell carcinoma (n = 32) ( Table 1 ). Patients who had two or more characteristics were counted in each category. Because of the small number of patients with mucinous carcinoma (n = 26), papillary carcinoma (n = 16), and others, that is, neuroendocrine tumor, adenoid cystic carcinoma, and unclassified (n = 6), further analyses for these histopathological characteristics were not conducted.
Patient Demographics
Baseline patient demographics in subgroups stratified by histopathological characteristics are shown in Table 1 . The cancer site was significantly different in all histopathological subgroups when comparing the absence or presence of each histopathological characteristic (e.g., well differentiated vs. non-well differentiated, moderately differentiated vs. non-moderately differentiated, etc.). Both well-differentiated and moderately differentiated subgroups mainly consisted of patients with gastric cancer and patients with colorectal cancer. The poorly differentiated and signet-ring cell carcinoma subgroups mostly included patients with gastric cancer (91%). The squamous cell carcinoma subgroup was only documented in patients with esophageal cancer. Patients with the poorly differentiated and signet-ring cell carcinoma were most likely to have stage I disease, whereas those with squamous cell carcinoma were most likely to have stage II or stage III disease. In the signet-ring cell carcinoma subgroup, more patients received placebo, by chance. Serum levels of 25(OH)D at baseline (subgroup and median) were lower in the squamous cell carcinoma subgroup. Most patients in the squamous cell carcinoma subgroup were men. Patients in the well-differentiated subgroup were older, whereas those in the signet-ring group were younger. Body mass index was lower in patients in the squamous cell carcinoma subgroup compared with other subgroups. Among comorbidities, the prevalence of hypertension was lower in patients in the signet-ring cell carcinoma subgroup; the prevalences of diabetes mellitus and endocrine disease were lower in patients in the squamous cell carcinoma subgroup; and the prevalence of cardiovascular disease was higher in patients in the well-differentiated subgroup. Adjuvant chemotherapy was performed less frequently in patients in the well-differentiated subgroup and more frequently in patients in the squamous cell 
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Effect Modification of Vitamin D Supplementation on Survival by Histopathological Subgroup
Effect Modification of Vitamin D Supplementation in the Poorly Differentiated Histopathological Subgroup
To further address the relationship between vitamin D supplementation and poorly differentiated adenocarcinoma, cumulative hazard curves for risk of relapse or death and for risk of death were compared between vitamin D or placebo in both the poorly differentiated subgroup and the non-poorly Nutrients 2019, 11, 2547 7 of 10 differentiated subgroup in which the patients did not have poorly differentiated adenocarcinoma ( Figure 2) . The hazard curve for relapse or death (HR, 0.25; 95%CI, 0.08-0.78; P = 0.017) (Figure 2A ) and the hazard curve for death (HR, 0.25; 95%CI, 0.07-0.94; P = 0.040) ( Figure 2C ) in the poorly differentiated subgroups were significantly improved in the vitamin D group compared with placebo group. The 5-year relapse-free survival and the 5-year overall survival in the poorly differentiated subgroups were 91% and 92% in the vitamin D group, respectively, versus 63% and 72% in the placebo group, respectively. On the other hand, in the non-poorly differentiated subgroup, the hazard curve for relapse or death (HR, 1.02; 95%CI, 0.64-1.61; P = 0.95) ( Figure 2B ) and the hazard curve for death (HR, 1.51; 95%CI, 0.82-2.78; P = 0.18) ( Figure 2D) were not significant. The 5-year relapse-free survival and the 5-year overall survival in the non-poorly differentiated subgroup were 72% and 78% in the vitamin D group, respectively, compared with 71% and 81% in the placebo group, respectively. There was a significant two-way interaction between in the poorly differentiated and non-poorly differentiated subgroups for both risk of relapse or death (P = 0.023 for interaction) (Figures 2A and 2B ) and risk of death (P = 0.012 for interaction) (Figures 2C and 2D ). 
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Discussion
In this post-hoc analysis of the AMATERASU trial, postoperative oral vitamin D supplementation (2,000 IU/day) had significant benefits on relapse-free survival and overall survival in the subgroup of patients with digestive tract cancer with poorly differentiated adenocarcinoma, but not in any other subgroup based on histopathological characteristics. In 2018, 9.6 million persons died from cancer worldwide, of which more than 2.1 million (22.5%) were from digestive tract cancers from the esophagus to the rectum [17] . In this study, poorly differentiated cancer was seen in 20% of patients, in whom vitamin D supplementation reduced 5-year relapse-free survival and overall survival by approximately 30% compared with placebo (91% vs. 63%) and 20% (92% vs. 72%), respectively. Even if vitamin D supplementation had a positive impact on only a portion (i.e., 20%) of patients included in this study, because the number of patients who die from digestive tract cancer is so high worldwide, vitamin D may have the potential to decrease many relapses and save lives. Moreover, vitamin D is a natural compound that side effects are considered to be rare. In contrast, patients with cancer treated by immune checkpoint inhibitors, which have been increasingly used in cancer therapy, frequently experience adverse events [18] [19] [20] . In particular, in terms of fatal toxic events, worldwide from 2009 through January 2018, 613 patients with cancer died due to treatments with combinations of immune checkpoint inhibitors [21] . Moreover, vitamin D is less expensive than other therapies. By simply being exposed to sunlight (e.g., exercising outside), patients can increase their 25(OH)D levels at no cost.
Although there were no significant effects, a trend toward significant effects on survival was observed in the signet-ring cell carcinoma subgroup, which is classified as an undifferentiated type, as well as in the poorly differentiated adenocarcinoma subgroup. Therefore, it is possible that vitamin D may improve survival time in patients with undifferentiated, but not differentiated carcinoma. In-vitro experiments [2] [3] [4] have shown the potential for vitamin D to induce differentiation of undifferentiated cancer cells in vivo. In fact, a clinical pilot trial indicated that vitamin D may increase differentiation in the normal colorectal mucosa of patients with colorectal adenoma [22] , although that trial did not include patients with cancer.
There are several limitations to this study. First, this study was performed as a post-hoc subgroup analysis of the AMATERASU clinical trial. Although histopathological data were prospectively collected as adenocarcinoma, squamous cell carcinoma, or others, information of more detailed subgroups such as poorly differentiated used in this study were retrospectively retrieved from reports, each of which was judged by a single pathologist. Thus, misclassifications were possible in classifying subgroups. These misclassifications might have occurred with equal frequency in the vitamin D and placebo groups, which could have biased results toward the null hypothesis. Second, sample size was not calculated for the subgroup analyses. In addition, subgroup analyses may increase the probability of a type I error due to multiple comparisons. Thus, these findings must be considered exploratory and interpreted with caution.
Conclusions
These results generated a hypothesis that in the subgroup of patients with digestive tract cancer with poorly differentiated adenocarcinoma, vitamin D supplementation, compared with placebo, may improve relapse-free survival as well as overall survival. 
